Substantial interest has arisen in the ability of anterior cruciate ligament reconstruction (ACLR) to restore normal functional knee mechanics; as well, it is of interest whether residual abnormalities after surgery may contribute to the high rates of anterior knee pain 2, 31 and early-onset osteoarthritis seen in ACLR knees. 32, 37 While conventional anterior-posterior laxity tests often fail to detect significant differences in ACLR knees, 8, 40 numerous studies have found evidence of abnormal tibiofemoral kinematics during whole body movement such as gait, 10, 49 downhill running, 55 and quasi-static lunges. 57 In particular, a number of publications report a shift toward external tibial rotation and medial translation in ACLR knees compared with healthy knees. 23, 26 However, determining the underlying coordination and musculoskeletal factors giving rise to altered knee kinematics during complex, whole body movement can be challenging. Altered ground-reaction forces, 20 neuromuscular coordination, 16, 20 and contralateral compensations 23 have been observed in individuals with unilateral ACLR and thus contribute to knee mechanics observed in whole body movement. If altered knee kinematics can be induced during an isolated movement, this may represent a simpler paradigm to identify the effects of controllable surgical factors, such as graft type and tunnel position. Further, simpler isolated movements could be tested within small confines, such as a magnetic resonance imaging (MRI) bore, enabling the use of dynamic MRI sequences to capture tibiofemoral 4, 28, 51 and patellofemoral 13, 14 kinematics with a high degree of accuracy. Dynamic MRI can also be coupled with anatomic and quantitative MRI to assess cartilage morphologic features and biomarkers of tissue composition 18, 19, 46 to explore the potential link of abnormal joint mechanics to early cartilage degradation.
MRI assessment of tibiofemoral alignment in ACLR knees has previously been limited to quasi-static conditions, 15, 36, 50 with mixed observations of increased anterior tibial translation 36 or external tibial rotation. 15 We recently introduced a 3D dynamic imaging sequence to accurately reconstruct 6 degrees of freedom tibiofemoral and patellofemoral kinematics during dynamic motion. 28, 29 This sequence improves upon previous MRI efforts by allowing full volumetric co-registration for tracking skeletal motion, minimizing kinematic errors due to out-of-plane motion in planar images, and reducing numerical integration drift in phase contrast images. 28, 38, 42 However, it remains unclear whether abnormal ACLR knee motions seen in complex tasks 23, 55 can be induced in an isolated task, particularly given the physical range of motion and loading constraints associated with motion in a standard MRI scanner bore.
The goal of this work was to use dynamic MRI to investigate kinematic behavior of normal and ACLR knees during passive and active, isolated knee flexion-extension tasks. We hypothesized that ACLR knees would exhibit similar kinematics compared with the healthy contralateral knee when passively extended but would exhibit an increase in external tibial rotation when the joint is actively loaded. The potential insights gained from this study are important for establishing the utility of MRIbased techniques for assessing potential links between abnormal knee mechanics and the development of patellofemoral pain or early-onset osteoarthritis after reconstructive surgery.
METHODS

Subjects
Potential subjects were contacted after they were retrospectively identified from a voluntary database established by the University of Wisconsin Health Sports Medicine Outcomes Program. Patients were considered eligible if they had undergone a unilateral, primary ACLR within the past 1 to 4 years, had no concurrent ligament damage, and had no postoperative complications. To increase subject recruitment and reflect the variability across all treated subjects, we did not restrict the graft type used in potential subjects. The contralateral knee of potential subjects had no history of pain, injury, or surgery and no history of inflammatory or crystalline-induced arthritis. A letter was sent to all identified patients to introduce the study and was followed up with a phone call from the study coordinator. The database consisted of 451 patients from which 84 potential subjects were identified and contacted. Eighteen subjects (9 male, 9 female; age, 24.8 6 5.7 [mean 6 sd] years; body mass, 77.9 6 16.7 kg; time after surgery, 1.6 6 0.7 years; 9 subjects with bone-patellar tendon-bone grafts; 2 subjects with partial lateral meniscectomies) agreed to participate and enroll in the study after giving informed consent according to an institutional review board-approved protocol.
MRI Testing
Subjects were first placed supine within a clinical 3.0-T magnetic resonance scanner (MR750, General Electric Healthcare) with an 8-channel phased array extremity coil (Precision Eight TX/TR High Resolution Knee Array; InVivo) centered over their knee. A 3D IDEAL-SPGR (3-dimensional spoiled gradient recall-echo sequence with iterative decomposition of water and fat with echo asymmetry and least squares estimation fat-water separation); (resolution, 0.37 3 0.37 3 0.9 mm; repetition time, 10 ms; echo times, 4.5/5.5/6.1 ms; flip angle, 14°; receiver bandwidth, 41.7 kHz; field of view, 14 cm; matrix, 384 3 384; slice thickness, 0.9 mm; scan time, 6 minutes) was acquired in the axial plane to obtain high-resolution static images of the patients' knees.
Subjects were then placed supine on an MRI-compatible loading device with their lower leg secured to a lever arm that rotated about the nominal knee flexion axis ( Figure  1 ). Subjects performed 2 open chain tasks, one active and one passive, in a randomized order. In the passive task, a researcher cyclically (0.5 Hz) rotated the lever, moving the subject's leg through the available flexion range of motion. Subjects were instructed to relax and neither aid nor impede the movement. In the active task, the lever was coupled by a belt and gears (net gear ratio, 10:1) to a shaft with inertial disks. Subjects were asked to actively flex and extend their knee through their available range of motion at a cyclic rate (0.5 Hz) guided by a metronome. The device applied an inertial load on the lower leg, inducing active stretch-shortening quadriceps contraction during the latter half of knee flexion and the first half of knee extension. The active task was designed to emulate the quadriceps loading that is seen during the early stance phase of gait when the quadriceps brake knee flexion and then induce knee extension. 28 A 3D SPGR sequence with VIPR (vastly undersampled isotropic projections); (1.5-mm isotropic resolution; repetition time, 4 ms; echo time, 1.4 ms; flip angle, 8°; receiver bandwidth, 32.5 kHz; unique radial lines, 93,922; field of view, 48 cm) continuously collected volumetric data for 5 minutes during both flexion tasks. An MRI-compatible rotary encoder (Micronor) was used to track the lever angle throughout the passive and active motion tasks. Lever angle was then used to retrospectively sort SPGR-VIPR projections into 60 equally spaced bins over the motion cycle. Image reconstruction with the sorted projections was then used to create 60 volumetric image sets over each motion cycle. 28 
Kinematic Measures
Femoral, tibial, and patellar bones were manually segmented (MIMICS; Materialise Group) from the 3D IDEAL-SPGR images to produce subject-specific bone models. Bone models were smoothed and then meshed to 7000, 7000, and 2000 triangles for the femoral, tibial, and patellar bones, respectively (Geomagic; and MeshLab, Visual Computing Lab-ISTI-CNR). Anatomic coordinate systems were independently defined for each bone by use of an automatic algorithm that places the axes based on the bone's inertial and geometric properties. 39, 45 The origins of the coordinate systems were placed at the centroid of a best-fit cylinder to the femoral condyles, the center of mass of the tibial plateau, and the centroid of the patella.
Bone models were then manually placed in the first frame of the dynamic images. Kinematic trajectories were automatically tracked via Powell's method for optimization, 44 to minimize the sum of squared values of the dynamic images at the location of bone model vertices. The solution for a frame was used as the initial guess for the position and orientation in the following frame, until kinematic trajectories for each bone were determined over the full motion cycle. We have previously shown that this technique for model-based tracking of SPGR-VIPR images provides kinematics with precisions within 0.8°and 0.5 mm. 29 Tibiofemoral and patellofemoral kinematics were defined at each frame as the position and orientation of the tibia and patella relative to the femur, respectively. 21 Kinematics were low-pass filtered at a cutoff frequency of 5 Hz. Secondary kinematics (ie, degrees of freedom other than tibiofemoral flexion) were then interpolated to every 2.5°of tibiofemoral flexion through the extension phase of the kinematic cycle. A knee flexion angle change of less than 2.5°w
as observed between frames in 90% of all collected data. Only kinematics during extension were considered, as this is the primary loading period during the active task.
Statistics
Repeated-measures analysis of variance (ANOVA) was used to test the effects of flexion angle (repeated withinsubject measures at every 2.5°of extension) and either load (active vs passive for both knee conditions) or surgery (reconstructed vs healthy for both loading conditions separately) on differences in secondary tibiofemoral and patellofemoral kinematics. If a crossover interaction between the main effects (ie, leg-by-angle or load-by-angle) was detected in the ANOVA (P \ .10, adjusted for reduced power for detection), then a Bonferroni test was used to determine group-based differences in limb status or loading while correcting for multiple comparisons. If no crossover interaction effect was detected, the main effects were examined for differences. Significance was set to P \ .05 for all tests but the interaction effects.
RESULTS
During passive knee extension, the tibia translated anteriorly and rotated externally in all knees, consistent with the screw-home mechanism (Figure 2 ). Relative to the passive task, inertial loading induced significant increases in internal tibial rotation and anterior and inferior tibial translation ( Figure 2 , Table 1 ).
Relative to the femur, the patella translated superiorly, anteriorly, and slightly laterally with passive knee extension ( Figure 3 ). All 6 degrees of freedom in patellofemoral kinematics were altered with inertial loading (Table 1) . Significant increases were found in anterior, superior, and lateral patellar translations relative to the passive condition. The patella was also more extended, medially tilted, and laterally rotated with the addition of inertial loading.
ACLR knees exhibited statistically equivalent, passive tibiofemoral and patellofemoral kinematics compared with the intact contralateral knees, although there was a tendency toward more tibial adduction in the ACLR knees (Table 2) . Active motion against an inertial load, however, induced bilateral differences in knee kinematics. In particular, ACLR knees displayed a more externally rotated tibia Figure 1 . An MRI-compatible loading device with inertial disks was used for the active loading task. A handle (see insert) replaced the inertial disks in the passive task and was used to cyclically move the limb.
( Figure 4 ) compared with the contralateral knee. The magnitudes of this shift averaged 2.4° (Table 2 ). While not significant, ACLR knees also exhibited a shift of 1.1 mm toward greater medial tibial translation relative to the contralateral knee (P = .066). No significant bilateral differences were noted in the patellofemoral joint, although the ACLR knees tended to exhibit more medial rotation (P = .183), lateral tilt (P = .138), and medial translation (P = .195) of the patella (Table 2, Figure 5 ).
DISCUSSION
An understanding of the causes and implications of abnormal kinematics in ACLR knees is potentially important for reducing the high prevalence of anterior knee pain 2,31 and early onset osteoarthritis 32, 37 in this population. In this study, we have shown that abnormal tibiofemoral kinematics can be elicited and measured in ACLR knees during active loaded movements within an MRI bore. Specifically, ACLR knees exhibit a more externally rotated tibia relative to the intact contralateral knee at a magnitude consistent with measurements during whole-body tasks, such as downhill running. 23 Hence, it seems viable to use widely available MRI scanners to track physiologically relevant changes in knee mechanics after ACLR.
Dynamic imaging is crucial for identifying the relatively small changes in kinematics that can be present in surgically reconstructed knees. Motion analysis studies have identified some changes in ACLR knee kinetics during gait 12, 17, 59 but generally lack the precision to track small Values are expressed as mean and 95% confidence interval (CI) of the difference between the active and passive loading conditions. Significant differences associated with loading are boldface. ACLR, anterior cruciate ligament reconstruction. kinematic shifts in nonsagittal rotations. 5, 48 Using biplane fluoroscopy, Tashman 54 demonstrated that ACLR patients at 4 to 12 months after surgery exhibited a bias toward external tibial rotation during downhill running. Follow-up studies discovered a medial shift of the tibia in ACLR knees and a longitudinal tendency for increased anterior tibial translation, potentially due to graft relaxation over time. 23 While we did not observe a statistically significant difference in ACLR tibial translation, we noted a bias toward a medial and anterior shift of similar magnitude as previously observed ( Table 2) .
The most salient result of this study was that loading could induce an external rotation shift in ACLR knees during an isolated knee flexion-extension task. The simple task used an inertial loading paradigm, which induced a lengthening quadriceps contraction with knee flexion and a subsequent shortening quadriceps contraction with knee extension. 28 Similar active stretch-shortening quadriceps contractions are seen during the load acceptance phase of gait. 6, 60 While our device did not impose a compressive load to the foot as during gait, there is no difference in native ACL strain between open chain and closed chain knee flexion, 7 indicating that the kinematic sensitivity to ACLR may be similar between locomotor and loaded flexion-extension tasks. Further, open chain exercise reduces hamstring co-contraction 33 and anterior knee stability, 61 potentially heightening the sensitivity of knee kinematics to the effect of the ACL graft.
While numerous studies have used dynamic imaging approaches to measure altered tibiofemoral kinematics in ACLR subjects, measures of patellofemoral kinematics have been limited to sequential static MRI under partial weightbearing 52 or quasi-static fluoroscopy images of single-leg lunges. 57 Patellofemoral joint behavior after ACLR is important to consider, given clinical reports of quadriceps weakness, knee flexion contractures, patellofemoral pain, and osteoarthritis. 27, 41, 47, 53 Prior studies of altered patellofemoral kinematics after ACLR are mixed, providing no evidence of changes after ACLR in cadaveric 25 and static in vivo imaging studies. 52 However, a biplane fluoroscopy study of a quasi-static single-leg lunge found greater lateral patellar rotation, tilt, and translation in subjects who had undergone ACLR with a patellar tendon autograft. 57 In the current study, we did not observe statistically significant kinematic differences in the patellofemoral joint of ACLR knees during motion, although we did see a small bias toward medial patellar rotation, lateral tilt, and medial translation ( Table 2 ). Our task loaded the quadriceps in a flexed knee posture where the patella is confined within the trochlear groove. Thus, the effects of ACLR on patellofemoral kinematics in the loaded task may be relatively subtle, although the implications for cartilage tissue loading could still be pronounced. Our study population had mixed clinical presentations (eg, meniscal health) and had undergone varied surgical techniques (eg, graft selection 3 ). Previous reports suggest different functional 62 and clinical outcomes 43 between knees reconstructed with patellar and hamstring tendon autografts, although potential differences in knee kinematics between knees treated with different grafts are less conclusive. 58, 59 Other variations in surgical parameters, such as tunnel position, 11, 22 initial tension, 10 and fixation method, 1 are also known to influence knee biomechanical behavior. This mixed presentation could contribute to the kinematic variability across our subjects and obscure smaller bilateral differences that may be clinically relevant. We could not test for the effect of graft type or surgical parameters due to a lack of statistical power, although we plan to explore these effects in future studies with increased enrollment. The ability to image kinematic differences in ACLR knees within an MRI bore is attractive due to the modality's ability to image soft tissue morphologic features and to measure quantitative biomarkers of composition. Models of cartilage morphologic characteristics derived from highresolution static images can be coupled with accurate kinematics to determine the effects of abnormal kinematics on cartilage contact. 9, 24, 30, 56 We recently showed that the subtle changes in kinematics after ACLR, as seen in this study, can shift contact to more posterior regions of the tibial plateau. 30 Further, recent advances in quantitative imaging have allowed indirect assessments of cartilage health via measures of cartilage proteoglycan content 19 and collagen integrity, 35 which are quantified using T1r and T2 relaxation rates, respectively. These tools have been used to find signs of early cartilage degeneration within 1 year after surgery, before the onset of morphological changes to the cartilage. 35 By combining kinematics and cartilage contact with these morphological and compositional cartilage maps, MRI provides the opportunity of directly linking altered cartilage mechanics after ACLR with signs of early cartilage degeneration and the eventual onset of osteoarthritis. 30 In summary, we used a novel dynamic MRI protocol to explore in vivo tibiofemoral and patellofemoral differences between healthy and ACLR knees under different loading conditions. We found that active knee extension against an inertial load induced significant shifts in tibiofemoral kinematics that were consistent with kinematic differences observed during complex, whole body movement. This study supports the use of coupled use of static, quantitative and dynamic MRI to explore potential links between abnormal knee mechanics and early osteoarthritis after ACLR. Values are expressed as mean and 95% confidence interval (CI) of the measurements from the anterior cruciate ligament reconstructed (ACLR) legs minus the measurements from the healthy legs. Significant differences associated with ACLR are boldface. 
